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RADIATION DEFECT AND IMPURITY A!JlOM INTERACTION 

I N  PROTON BOMWUXDEXI SILICON 

By Janes B. Robertson and Robert K. Franks* 

NASA Langley Research Center 

and 

T. E. Gilmer, Jr. 

Yirginia Polytechnic I n s t i t u t e  

The majority of the research work done thus f a r  i n  radiation damage t o  

semiconductors has been done with doped semiconductors. 

recent results show that the e f fec t  of radiation on s i l icon  i s  dependent upon 

the type and concentration of chemical impurities present i n  the  crystal .  

mounting evidence has been reported (refs. 1, 2, and 3 )  t ha t  indicates t ha t  

isolated vacancies and i n t e r s t i t i a l s  produced i n  s i l i con  by i r rad ia t ion  do not 

remain i n  the  c rys ta l  a t  room temperature o r  even at  l iqu id  nitrogen tempera- 

Many of the  more 

Also, 

ture. 

they must associate with chemical impurities, dislocations o r  with each other. 

It appears that f o r  vacancies o r  i n t e r s t i t i a l s  t o  remain i n  s i l icon,  

T h i s  paper reports the  r e su l t s  of a study of proton bombardment of s i l i con  

which gives evidence of an association between vacancies and aluminum atoms 

within the s i l icon.  

The s i l icon  used i n  the  study was  f l o a t  zone single-crystal  s i l i con  with 

the major act ive impurity being boron with a concentration of less than 

1013 atoms/cc. Original r e s i s t i v i t y  was  3,000 t o  4,000 ohm-cm p-type. The 

crystals  were 1-inch-diameter disks, 1.5 t o  4.0 mm thick, with faces polished 
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f o r  infrared transmission. 

from the  86-inch cyclotron a t  O a k  Ridge, Tennessee. 

probes were used. 

teqperature of 760° C t o  8700 C due t o  heating by the  proton beam. 

ature  of the crys ta l s  mounted on the "cold" probe were water cooled and remained 

below goo C during bombardment. 

The crys ta l s  w e r e  i r rad ia ted  with 22 MeV protons 

Two different  sample 

The crystals which were mounted on the  "hot" probe reached a 

The temper- 

A l l  of t h e  c rys ta l s  which were i r rad ia ted  on the  hot probe showed an 

increase i n  p-type conductivity and had a ser ies  of infrared absorptions with 

the  main peak a t  21.1 microns ( f ig .  1). These absorptions were observed only 

with t h e  c rys t a l  a t  l i qu id  helium temperature. 

w a s  measured at points along the  diameter of both faces with a four-point probe. 

Figure 2 i s  the  r e s i s t i v i t y  p ro f i l e  of a c rys t a l  whose thickness was greater  

than the  range of 22 MeV protons i n  s i l icon.  Figure 3 is  the  r e s i s t i v i t y  pro- 

f i l e  of a c rys t a l  whose thickness was l e s s  than the  range of the  protons. The 

acceptors were located only i n  the regions of the crys ta l s  reached by the 

protons. 

was no change i n  the  absorption spectrum. 

10000 C changed the  absorption spectrum t o  tha t  of subst i tut ional  aluminum (A&). 

The r e s i s t i v i t y  of t he  c rys ta l s  

One of the  hot-probe crystals  was heated at  600° C for 3 hours; there  

Heating the c rys ta l  for 2 hours a t  

The c rys t a l  i r rad ia ted  on the  cold probe increased i n  r e s i s t i v i t y  and 

showed absorption peaks at  1.8, 3.46, 3.62, 5.5, and 20.5 microns, a l l  of which 

have been reported previously f o r  i r rad ia ted  s i l icon.  The 20.3-micron peak had 

been reported ( re f .  4)  only f o r  neutron-irradiated s i l icon.  

a t  300' C annealed out a l l  of these peaks and new peaks appeared a t  8.9 and 

14.2 microns. After the c rys ta l  was annealed at  6000 C, the  8.9- and 14.2-micron 

absorptions were no longer observable and the  spectrum of subst i tut ional  aluminum 

appeared. 

Heating the  c rys t a l  

The eqer imenta l  r e su l t s  a r e  tabulated i n  tab le  I. 



It was  evident t ha t  aluminum was  being produced i n  the  s i l i con  crystals  

during proton bombardment. 

the s i l i con  was  eliminated because of the  location of the aluminum i n  the  

crystal. 

7 from u 2 9  ”” > Si29 decay. The A129 i s  most l ike ly  produced by a 

Si30 (p,2p) A129 reaction. 

cent) Si28 would y ie ld  the  s table  A127 isotope. 

were determined from the absorption coefficients (ref.  5 ) .  

The poss ib i l i ty  of the aluminum being diffused in to  

An activation analysis of an i r radiated c rys ta l  showed the 1.28 MeV 

A similar reaction on the  more abundant (92.3 per- 

The aluminum concentrations 

The production ra te  

of A127 was calculated t o  be 6 x 10-3 atoms/proton with an accuracy of 

f 3 O  percent. 

The absorption center responslble f o r  the  18.9-, 21.1-, and 22.0-micron 

absorptions which were present i n  the s i l i con  a f t e r  i r rad ia t ion  on the  hot 

probe i s  taken t o  be a subst i tut ional  aluminum atom associated with a l a t t i c e  

defect f o r  the  following reasons: 

1. The posi t ive ident i f icat ion of Als i n  t he  cold-probe crystal .  

2. The s imilar i ty  between the  new spectrum and tha t  of Als. 

3. The annealing of the new absorptions in to  Als. 

The two spectra are compared i n  figure 4. The 18.9-, 21.1-, and 22.0-micron 

absorption l i nes  are  higher i n  energy than t h e i r  corresponding Als l i nes  by 

2.6 percent, 0.6 percent, and 2.7 percent, respectively. 

Two possible defect distributions were considered: (a) The defects are  

distributed randomly throughout the c rys ta l  and cause a uniform l a t t i c e  di la t ion 

(ref. 6) which could increase the  energy of the excited-hole s t a t e s  by decreasing 

the  d ie lec t r ic  constant or by changing the  effective mass of the  hole. 

defects are closely associated with the  aluminum atoms and cause individual per- 

turbations of the  excited-hole s ta tes .  The close association model w a s  chosen 

(b) The 
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because of t he  d i f f i cu l ty  i n  explaining the  difference i n  energy shifts f o r  the  

different  excited s t a t e s  i n  terms of a uniform l a t t i c e  effect. However, i f  t he  

defects ex i s t  only near the  A l s  atoms, the  r ad ia l  wave functions of the differ-  

ent excited-hole states could have different amplitudes i n  the  region of the  

defect so that different  perturbations would resul t .  The sharpness of the  

defect and the  association are of t he  absorption peaks 

uniform. 

The defect 

indicates t ha t  the s ize  

s not l ike ly  an i n t e r s t  t i a l  s l icon atom because w e  would 

expect an i n t e r s t i t i a l  t o  donate a valence electron t o  f i l l  the  hole of the MS. 

The divacancy is  ruled out f o r  the  same reason; t he  divacancy being a donor 

( ref .  7). 

view of: 

6000 C, and the absence of strong electronic bonding between defect and Als atom. 

It i s  believed tha t  the  defects are  vacancy clusters  of f a i r l y  uniform size.  

The poss ib i l i ty  t ha t  the defect is  a s ingle  vacancy i s  unlikely i n  

the  high mobility of t he  vacancy, the  s t a b i l i t y  of the  association at  

P f i s t e r  (ref. 8) has i r rad ia ted  s i l icon a t  high temperatures and concluded tha t  

a t  800° C t o  900' 6, vacancies precipi ta te  t o  form clusters.  

The 8.9-micron and 14.2-micron absorptions which occurred i n  the cold-probe 

c rys ta l  have not been studied i n  any a e t a i l  as yet.  

both may be caused by a subst i tut ional  and i n t e r s t i t i a l  aluminum pai r  

-It is  possible that one o r  

(Als- + AIS++)+. 
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Figure 3 . -  Resis t ivi ty  prof i le  of c rys ta l  no. 4. 
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Figure 4.- Comparison of aluminum and defect spectra. 


